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Abstract: When we are asleep, we lose the ability to promptly respond to external stimuli, and yet
we spend many hours every day in this inherently risky behavioral state. This simple fact strongly
suggests that sleep must serve essential functions that rely on the brain going offline, on a daily basis,
and for long periods of time. If these functions did not require partial sensory disconnection, it would
be difficult to explain why they are not performed during waking. Paradoxically, despite its central
role in defining sleep and what sleep does, sensory disconnection during sleep remains a mystery.
We have a limited understanding of how it is implemented along the sensory pathways; we do not
know whether the same mechanisms apply to all sensory modalities, nor do we know to what extent
these mechanisms are shared between non-rapid eye movement (NREM) sleep and REM sleep. The
main goal of this contribution is to review some knowns and unknowns about sensory disconnection

during sleep as a first step to fill this gap.

Keywords: arousal threshold; NREM sleep; REM sleep; auditory system; visual system; olfactory
system; pain; OFF periods

1. Introduction

Partial sensorimotor disconnection is a defining feature of sleep, the one that distin-
guishes sleep from any other behavioral state, including quiet waking, anesthesia, and
coma. By sensorimotor disconnection, we mean that, relative to waking, the ability to
respond to a stimulus is reduced during sleep, i.e., the “arousal threshold” is increased.
The arousal threshold is usually assessed in humans by measuring the ability to produce
a behavioral response, such as pushing a button or providing a verbal response, often in
association with the analysis of the global brain response as detected by the scalp EEG. Ori-
enting responses or other complex behaviors are rarely used in animals, where the arousal
threshold is measured by the ability of the stimulus to cause a shift in behavioral state,
an “awakening”, as detected by the scalp EEG. Awakening from NREM sleep is usually
defined as a clear switch in the EEG from the high-amplitude, low-frequency pattern to the
low- amplitude and high- frequency pattern, while awakening from REM sleep requires
an increase in muscle tone. Sensory disconnection during sleep is partial, i.e., reversible,
which means that contrary to anesthesia and coma, we still always wake up from sleep if
the stimulus is strong enough.

Despite the obvious risks associated with the reduced ability to respond to a potential
threat, we sleep for many hours every day, as do all other animals carefully studied so far [1].
This simple fact is one of the strongest indicators that sleep fulfills some essential functions
that require the brain to be offline. If the same functions were independent of sensory
disconnection, evolution would have found a way to carry them out more safely during
waking, when we can promptly react to a stimulus [2]. Thus, sensory disconnection not
only defines sleep but also puts specific constraints on any idea about its putative functions.
Paradoxically, however, the neural mechanisms responsible for sensory disconnection
during sleep are still unclear, and most of the available evidence is restricted to the auditory
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system. Two main approaches have been used to understand these mechanisms: evoked
potentials (evoked “responses”) and evoked unit activity. These measures of neuronal
responsiveness are taken in specific brain regions, i.e., they are local, and they are usually
compared in three conditions: subjects are awake when stimulated, they are asleep and do
not wake up in response to the stimulus, or they do wake up. Evoked responses are usually
collected using scalp EEG (or magnetoencephalography, or functional MRI) recordings or
with invasive, deep intracortical local field potential (LFP) recordings. Evoked responses
reflect mainly the synaptic input, not the firing output, which is why the analysis of unit
activity is also critical to studying sensory disconnection.

Here, we review this fragmented literature, point to many seemingly inconsistent
findings across sensory modalities, and discuss the evidence linking the reduced activity of
specific arousal systems to sensory disconnection during sleep. We will point to identified
sites of impaired sensory transmission (“gates”) and, when possible, discuss the underlying
candidate mechanisms.

2. Sensory Disconnection in Sleep across Different Sensory Modalities
2.1. Auditory System

Partial sensory disconnection during sleep is best characterized in the auditory system.
Relative to waking, in both humans [3,4] and rats [5,6], the acoustic arousal threshold is
increased to a similar extent in REM sleep and non-rapid eye movement (NREM) stage 2,
and highest in the deepest stage of NREM sleep, called stage 3 or slow-wave sleep. The
arousal threshold depends on the amount of slow-wave activity (SWA): a higher SWA leads
to a higher arousal threshold [5,6]. The arousal threshold is also higher in phasic REM sleep
compared to tonic REM sleep [7,8].

Cortical auditory evoked potentials look similar in wake and REM sleep, but the
amplitude of the late components is larger in NREM sleep, likely reflecting the bistability
(ON/OFF firing) of cortical neurons during this sleep phase [9,10]. One EEG/{fMRI study
found that sounds elicit BOLD responses in the thalamus and primary auditory cortex
when delivered in waking as well as when given during NREM sleep without causing an
awakening [11]. In sleep, the responses are smaller and more variable when sounds are
given during spindles, and larger and extend to broader cortical areas if the sound elicits a
K complex, a large slow wave that reflects the presence of bistability in the thalamocortical
system [11]. In general, the studies that measured the firing evoked by a sound found
little difference between sleep and wake in subcortical regions and primary cortical areas.
For instance, in guinea pigs, the majority of neurons in the primary auditory cortex (A1)
show similar evoked firing activity in waking and NREM sleep, and the remaining neurons
are split evenly between increased or decreased firing in sleep relative to wake [12]. In
marmosets, the analysis of evoked unit firing in the Al and higher order auditory cortex
(mostly supragranular layers) showed that some neurons fire more in sleep than in waking;
others do the opposite, with no obvious depressive effect of sleep [13]. In the same study,
the response in NREM sleep was a poor predictor of the response in REM sleep, with a
third of all units showing opposite responses in the two phases [13], suggesting that the
mechanisms of auditory disconnection may differ between NREM sleep and REM sleep. A
follow-up study in the supragranular layers of marmoset Al found reduced unit firing in
response to weak stimuli during NREM sleep [14]. However, louder sounds evoked similar
unit responses in wake and sleep despite being unable to cause behavioral arousal, leaving
the question of why the acoustic arousal threshold is increased in sleep unresolved [14].
Several studies that recorded from rat Al also concluded that the firing evoked by different
sounds does not fundamentally differ in wake, NREM sleep, or REM sleep [15-17]. On
the other hand, it was recently found that most neurons in the perirhinal cortex, a higher
order area, respond less to sounds in REM sleep, and even less so in NREM sleep, relative
to waking [17]. A crucial insight provided by this study was that the reduced response in
NREM sleep does not depend on the cortical area per se (high order vs. Al) but on the
latency of the response, which likely reflects the position of the responding neurons within
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layers: early (<20 ms) responding neurons, which accounted for most of the recorded
units in Al, were unaffected, while the few A1l neurons that were late-responding (>40 ms)
showed a reduced response in NREM sleep. Consistently, most recorded neurons in the
perirhinal cortex were late-responding and responded less in NREM sleep, while the few
early-responding neurons were unaffected. Interestingly, a late response did not predict a
reduced response in REM sleep, pointing again to different mechanisms for disconnection
in the two sleep phases [17]. A recent study in epileptic patients implanted with depth
electrodes in the lateral temporal lobe found that sounds evoked a moderately decreased
spiking response in NREM sleep relative to wake, especially outside Al. A moderate
decrease in evoked firing was also present in REM sleep [18]. Relative to waking, however,
in both sleep phases, the most significant change was the attenuation of “alpha/beta
desynchronization”, i.e., the large decrease in power in the alpha and beta frequencies
triggered by the sound during waking was strongly attenuated in sleep [18]. Another
recent study found that whether they cause an awakening from sleep or not, sounds evoke
the same strong calcium response in the mouse primary auditory thalamus (ventral medial
geniculate nucleus, vMGN) that projects to A1l [19], consistent with previous evidence that
sounds reach the input layer of Al equally well in waking and NREM sleep. Moreover,
optogenetic excitation of vMGN neurons did not cause an awakening from sleep, and their
optogenetic inhibition did not change the probability of sound-induced awakenings. By
contrast, in the “high-order” posterior intralaminar thalamic nucleus, sounds or blue light
applied during NREM sleep induced a large calcium response only when they caused an
awakening. Furthermore, optogenetic inhibition of this nucleus, or of its dense projections
to the temporal association cortex, strongly reduced the probability of waking up from
sounds or blue light [19]. While evoked responses were not recorded during REM sleep,
the optogenetic stimulation of the posterior intralaminar nucleus woke up the mouse from
NREM sleep but not from REM sleep [19], again suggesting that sensory disconnection in
REM sleep may be mediated differently than in NREM sleep.

Together, these studies show that sounds reach the input layer of Al equally well
in waking and NREM sleep, but their transmission to supragranular and infragranular
layers, as well as the feedforward transmission to higher order cortices, are compromised.
During NREM sleep, this effect likely depends on the occurrence of OFF periods, which
impair corticocortical communication [20], a hypothesis that is consistent with the fact
that higher SWA leads to a higher auditory arousal threshold [5,6]. It is also in line with
an early report that a motor response (thumb press) is unlikely to occur if the tone is
delivered during a K complex [21,22], and with more recent findings that spontaneous
and evoked K complexes are associated with an increase in power in the low frequencies,
although region-specific effects are present [23,24]. Other mechanisms likely exist, however,
because during stage 2 of NREM sleep or REM sleep, when slow waves are rare or spatially
restricted [25], subjects still respond only 50% of the time [3]. One proposed mechanism
is the impairment of the feedback from higher to lower cortical areas, consistent with the
reduced alpha/beta desynchronization caused by sounds in sleeping humans [18]. Of
note, although many recent studies point to cortical “gates” located after the input layer,
or gates in the high-order thalamus, one early study found that during sleep, neurons in
the midbrain reticular formation and deep layers of the superior colliculus respond less
to sounds and other stimuli [26]. Intriguingly, all units recorded in REM sleep showed a
reduced response independent of latency, while during NREM sleep, the affected neurons
were those with a late response [26], akin to what is seen in the cortex.

In summary, a prominent mechanism for partial auditory disconnection in NREM sleep
is in place after the input layer of Al, but other mechanisms in the high-order thalamus are
also involved, and a brainstem gate may exist for REM sleep.

2.2. Visual System

Most mammals, including humans, close their eyes while asleep, but sleeping inver-
tebrates keep their eyes open, as do sleeping humans in certain pathological conditions
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(nocturnal lagophthalmos) or during experiments designed to test whether images pre-
sented during sleep are incorporated into dreams (they rarely are [27]). In head-fixed mice,
sleep often occurs with the eyes open. In these experimental conditions, the pupils are
tonically constricted in REM sleep, but their size can fluctuate during NREM sleep from
small to as large as in wake [28], presumably allowing visual stimuli to enter the brain. In
short, retinal deafferentation is unlikely to fully and consistently account for the reduced
response to visual stimuli during sleep.

Seminal studies in cats pointed to less effective synaptic transmission in the primary
visual thalamus, the lateral geniculate nucleus of the thalamus (LGN), during NREM sleep.
LGN responses evoked by direct prethalamic (optic tract) stimulation are depressed in
NREM sleep [29], and reduced thalamic transmission was found both postsynaptically
in LGN neurons and presynaptically in the fibers of the optic tract [30]. Another study,
using quasi-intracellular recordings of LGN neurons, measured the ratio between the
number of spikes (output) and the number of excitatory postsynaptic potentials (input)
in response to visual stimuli: the transfer (output/input) ratio was close to 1 in waking,
decreased in drowsiness, and was even smaller in NREM sleep or light anesthesia [31]. In
this preparation, pupils were dilated, and the activity of the optic fibers remained constant
across levels of alertness, pointing to a postsynaptic mechanism in LGN neurons [31]. Unit
recordings in cats also found that, relative to waking, during NREM sleep, LGN neurons
respond to light flashes less strongly and in brief “clusters” [32]. Thus, there is converging
evidence for impaired transmission of visual inputs from the LGN to the visual cortex
during NREM sleep.

Light flashes, like acoustic stimuli, evoke larger late cortical responses in NREM sleep
than in wake in humans [10] and rats [33]. Unit recordings performed in the cat’s visual
cortex strongly suggest that even when the visual input reaches layer 4, its propagation
beyond the thalamorecipient layer may be impaired. Specifically, it was found that in
response to light, most neurons show an early (20-40 msec) and a late (80-100 msec) increase
in firing during waking, while in NREM sleep only the early response is present [34]. Other
neurons only showed a late response in waking and did not respond at all in NREM
sleep [34]. Thus, during NREM sleep, a cortical mechanism may also restrict the processing
of visual stimuli in the visual cortex, specifically for late responses, akin to the finding in
the auditory cortex [17]. This mechanism may depend on bistable (ON/OFF) firing favored
by the low noradrenergic tone during NREM sleep [20]. Moreover, like for the auditory
system, the high-order thalamus may gate stimuli because, in mice, silencing the posterior
intralaminar thalamic nucleus decreases the probability of waking up from NREM sleep
after exposure to blue light [19].

During REM sleep, LGN neurons fire at wake-like levels with isolated bursts [35],
and their synaptic responsiveness to electrical stimulation is similar or higher than in
wake [30]. Increased excitability, however, does not necessarily promote the thalamocortical
transmission of visual stimuli, and some early experiments suggested that it could even
lead to occlusion [36,37]. In cat primary visual cortex, firing rates are higher in REM sleep
than in NREM sleep [38]; however, laminar recordings in mice found that the tonic, wake-
like activity is restricted to deep layers, while neurons in superficial and middle layers are
bistable and slow waves are present, which could impair cortico-cortical transmission [25].

In summary, both thalamic and cortical disconnection mechanisms are likely to operate
during NREM sleep. In REM sleep, suggested mechanisms include subcortical occlusion
and cortical bistability in and above the input layer of the primary visual cortex.

2.3. Somatosensory System and Pain Pathways

Pioneering experiments in cats measured the transmission of somatosensory stimuli in
the caudal parts of the sensory pathway, below the thalamus and the cortex. These studies
consistently found that, relative to waking, neuronal responses to tactile and proprioceptive
stimuli are depressed mainly in REM sleep and much less so in NREM sleep. Specifically,
synaptic transmission in the ascending medial lemniscal pathway is decreased in REM
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sleep in association with rapid eye movements, an effect that may be due to a postsynaptic
mechanism in the cuneate nucleus as well as to a presynaptic mechanism involving fiber
depolarization in the cuneate tract [39,40]. Relative to waking, during REM sleep, the
spinoreticular, spinomesencephalic, and spinothalamic fibers also show reduced evoked
response after electrical stimulation of the sciatic nerve [41], and lumbar spinoreticular
neurons are spontaneously less active in REM sleep but show a similar firing in waking and
NREM sleep [42]. Moving more rostrally in the sensory pathway, in the cat somatosensory
relay nucleus of the thalamus, air puffs induce a smaller firing response, followed by a
stronger decrease in firing during NREM sleep compared to waking [43]. In response
to vibration, neurons in the primary sensory cortex of macaque monkeys show a small
decrease in evoked firing during NREM sleep, and completely stop responding in REM
sleep [44]. In summary, studies in animals have provided evidence for an early, pre-
thalamic decrease in the transmission of somatosensory stimuli, specifically during REM
sleep relative to waking, while a thalamic gate may be present during NREM sleep.

Consistent with the studies using somatosensory stimuli, experiments in animals
that measured the transmission of painful stimuli at prethalamic levels found a depressed
neuronal response mostly confined to REM sleep. Thus, after pain (tooth pulp) stimulation,
the unit response of individual trigemino-thalamic tract neurons in the cat trigeminal
sensory nuclear complex is similar in NREM sleep and waking but reduced in REM
sleep [45], an effect that may depend on primary afferent depolarization [46]. More recent
studies in rats focused on ON and OFF neurons in the medial medulla that are activated
or inhibited by pain, respectively, and restricted the analysis to NREM sleep. ON neurons
fire less during NREM sleep than in waking, while OFF neurons fire more [47], suggesting
that the high spontaneous activity of OFF neurons during NREM sleep may contribute
to the depression of the pain-evoked arousal response, thus helping to preserve sleep
continuity [48]. However, during NREM sleep, ON neurons are still activated by heat pain,
and OFF neurons are still inhibited (their behavior during REM sleep is unknown) [47].
In humans, sleep-dependent changes in the response to pain have been measured at the
cortical level. The amplitude of the cortical potential evoked by a painful stimulus (laser-
induced heat) correlates well with pain perception, that is, when subjects attend to the
stimulus, the cortical response is larger and the perceived pain is stronger, compared to
when they are distracted [49]. During NREM stage 2, this cortical evoked response is
strongly depressed or abolished (no other sleep stages were studied) [10,49]. Another study
found that the “activation” response to pain, defined as any change in EEG frequencies, is
reduced in slow-wave sleep and REM sleep relative to NREM stage 2 [50]. In summary,
pain perception is likely reduced in sleep via various mechanisms, and there is evidence
for early, prethalamic gates in REM sleep but not NREM sleep.

2.4. Olfactory System

Humans are largely unresponsive to odors during sleep [51-53]. In response to strong
unpleasant stimuli, arousal thresholds are higher for slow-wave sleep than for REM sleep
and NREM stage 2 [52], consistent with the response to sounds. Mice also have a higher
arousal threshold in NREM sleep than in REM sleep, at least in response to the scent of
a predator [54]. The olfactory system is relatively simple: there is no first-order thalamic
relay, and only two synapses divide the external world from the primary olfactory cortex,
the first from the olfactory neurons in the olfactory epithelium to mitral/tufted cells in the
olfactory bulb, and the second from the latter to the pyramidal neurons in the input layer
of the primary olfactory cortex. One study found that the mitral cells are under stronger
local inhibition from the granule cells during sleep than during waking [55]. The inhibition
was strongest during NREM sleep, perhaps because acetylcholine, which inhibits granule
cells, is low [55]. However, this explanation is unlikely to be valid for REM sleep, when
mitral cells are more inhibited than in waking, but acetylcholine levels are presumably
high. Under urethane anesthesia, mitral cells respond during both the slow-wave phase
and the fast-wave phase, while the response of cortical pyramidal neurons is strongly
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depressed when slow waves are present [56]. To the extent that one assumes that slow
waves are fundamentally similar in sleep and urethane anesthesia, these results suggest
that the processing of olfactory stimuli is also gated at the cortical level, although direct
evidence during physiological sleep is lacking. Like the hippocampus, the primary olfactory
cortex shows sharp waves during NREM sleep that are generated by recurrent collaterals
of cortical pyramidal neurons [57]. Whether these sharp waves play a role in olfactory
disconnection during sleep is unknown.

3. Neuromodulators and Disconnection

Moruzzi and Magoun showed that the stimulation of the reticular activating system is
sufficient to convert a synchronized EEG pattern with slow waves to an activated pattern
with low-voltage fast activity [58]. Once viewed as a monolithic core, it is now clear that the
original reticular activating system includes many ascending neuromodulatory systems that
diffusely innervate both the cerebral cortex and thalamus and have overlapping and yet spe-
cific roles in regulating behavioral states [59]. In waking, neuromodulatory tone is generally
high, while in NREM sleep, the activity of the noradrenergic [6,60,61], cholinergic [62-65],
serotoninergic [66—68], histaminergic [69,70], orexinergic [71,72], and dopaminergic [73-75]
neurons is reduced, leading to overall reduced levels of these neuromodulators throughout
the brain. In contrast, during REM sleep, the activity in the noradrenergic [6,60,61], his-
taminergic [69,70], and serotoninergic [66—-68] systems is markedly decreased relative to
wake, but the activity of cholinergic [62-65] and dopaminergic midbrain neurons [73,74] is
high. Thus, low levels of noradrenaline, serotonin, histamine, and/or orexin may play a key
role in promoting sensory disconnection during sleep, while high levels of acetylcholine
and dopamine may support conscious experience (dreaming) during REM sleep. The
noradrenergic, serotoninergic, histaminergic, and orexinergic systems have widespread
projections and reach their lowest levels of activity during REM sleep. Their role in sensory
disconnection may therefore extend across most, if not all, sensory modalities and may be
critical, especially in REM sleep. Below, we discuss whether the existing evidence supports
these assumptions.

3.1. Noradrenaline

The noradrenergic neurons of the locus coeruleus (LC) fire maximally during waking,
less so during NREM sleep, and not at all in REM sleep [6,60,61]. LC neurons start firing
before awakening from sleep and stop firing before the onset of EEG synchronization upon
falling asleep [60,61]. There is both correlative and causal evidence linking high LC activity
to arousal and connectedness, and low noradrenaline levels during sleep to partial sensory
disconnection. Noradrenaline is involved in the orienting response, affects the sensory
response properties of thalamic and cortical neurons, and modulates the signal-to-noise
ratio in sensory systems [76]. Optogenetic activation of the LC quickly awakens mice [77]
and rats [6], independent of whether the stimulation occurs in NREM sleep or REM sleep,
showing that increased noradrenergic signaling is sufficient to switch to a connected state.
Furthermore, sustained high-frequency optogenetic stimulation of the LC in awake mice
decreases noradrenaline levels in the prefrontal cortex and triggers behavioral arrests,
during which the animals become unresponsive to tail and toe pinches [77]. Relative to
controls, mice unable to produce noradrenaline require louder sounds to wake up from
recovery sleep following sleep deprivation [78]. More recent evidence linking low levels
of noradrenaline with disconnection comes from experiments in mice using genetically
encoded noradrenaline sensors [79]. These studies showed that noradrenaline levels
continue to decline in REM sleep, while during NREM sleep they fluctuate up and down
every 30-50 s in the thalamus [80] and prefrontal cortex [81]. These infraslow fluctuations co-
occur with changes in spindle activity, which in turn co-occur with changes in arousability
in response to noise [82]. Thus, within the same period of NREM sleep, there are fewer
awakenings in response to acoustic stimuli when spindle activity is higher [82], which
is also when noradrenaline levels are lower [80,81]. This latter finding is consistent with
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previous evidence that the firing of LC neurons is lowest just before spindle onset and
resumes at its offset [60,83]. Finally, optogenetic experiments in rats found that the silencing
of LC neurons reduces the likelihood of sound-evoked awakenings from NREM sleep from
25% to as low as 15%, while the probability of waking up from REM sleep remains at
50% [6]. A seminal study found that in response to auditory, somatosensory, and visual
stimuli, LC neurons acutely increase their firing during wake but less so in NREM sleep,
and not at all during REM sleep [84]. The same stimuli, however, evoked a strong field
potential in the LC region in all behavioral states, suggesting that during REM sleep, LC
neurons continue to receive excitatory postsynaptic potentials but do not fire because
they are under strong direct inhibition [84]. Such strong local inhibition could be a key
mechanism accounting for increased arousal threshold in REM sleep and would explain
why, during this phase, optogenetic silencing of LC neurons has no effects [6]. However,
while there is direct evidence that minimal optogenetic activation of LC neurons increases
the probability of sound-evoked arousal from REM sleep [6], there is no direct evidence
that arousability during this phase increases if LC neurons are relieved from inhibition.
Also, in humans, tonic and phasic periods of REM sleep are associated with lower and
higher arousal thresholds, respectively (reviewed in [85]), but whether subtle changes in
LC activity can account for this difference is not known.

In summary, there is direct evidence that manipulating noradrenaline levels during
NREM sleep can affect arousability to some extent, with higher auditory arousal thresholds
being associated with lower LC activity and higher spindle activity. However, nora-
drenaline levels are lowest in REM sleep, when the probability of waking up from a sound
is much higher than in NREM sleep (50% vs. 25%). Thus, the deep sensory disconnection
of NREM sleep must rely on mechanisms that only partially depend on LC activity, while
direct inhibition of LC neurons may be a key factor for decreased responsiveness during
REM sleep. The extent to which depressed LC activity during sleep contributes to reduced
responsiveness to light, pain, tactile, or olfactory stimuli is unknown.

3.2. Histamine

Histaminergic neurons fire in waking and are less active or silent in NREM sleep
and REM sleep [69,70]. Histaminergic neurons resume firing only after awakening [61],
and their loss or inhibition does not affect baseline waking levels (e.g., [86]), indicating
that these cells are not required to initiate or maintain waking. On the other hand, at the
transition from waking to sleep, histaminergic neurons stop firing before the onset of EEG
synchronization [87], suggesting that their silence may promote disconnection. Strong
positive emotions can trigger cataplectic episodes in narcoleptic dogs, like in humans.
During these events, the animals can still track external objects with their eyes and appear
awake [88], suggesting that, like human patients, they maintain awareness of the external
world. Electrophysiological recordings in dogs showed that during cataplexy, the firing
of noradrenergic LC cells ceases, as during REM sleep [68], while serotoninergic neurons
maintain some degree of activity, as during NREM sleep [68], and histaminergic neurons are
equally or more active than during quiet waking [69]. Other studies show that cholinergic
activation of the basal forebrain triggers cataplexy in narcoleptic dogs [89]. Thus, the activity
of histaminergic cells may be critical to maintaining the connection with the external world
during cataplexy. On the other hand, there is no direct evidence linking the decrease in
activity of histaminergic neurons during sleep with the increase in arousal threshold.

3.3. Serotonin

The firing pattern of serotoninergic neurons in the dorsal raphe nucleus, as well as
in the raphe nuclei of the pons and medulla, is similar to that of LC neurons, highest in
active wake, lower in quiet wake, further decreasing in NREM sleep, and lowest in REM
sleep [66-68,90,91]. Consistent with this pattern, extracellular levels of serotonin are higher
in wake than in sleep in the frontal cortex and all subcortical areas tested so far [92]. The
activity of many caudal serotoninergic neurons and dorsal raphe neurons has been linked
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to tonic motor activity and repetitive behaviors such as chewing and grooming [91]. Cats
with lesions of the dorsomedial pons display REM sleep without muscle atonia; in this
state, the animals are unresponsive to bright light and mild tactile stimuli, as expected
during sleep, but the activity of serotoninergic neurons in the dorsal raphe can approach
wake-like levels [93]. Conversely, after carbachol injections in the same pontine area, cats
can track visual stimuli but are unable to move, and serotoninergic neurons in the dorsal
raphe are silent [94]. In short, serotoninergic activity appears to track motor activity and
not behavioral state per se.

Despite sharing a similar pattern of firing during the sleep/waking cycle, nora-
drenaline and serotonin often have opposite effects on brain areas crucial for arousal
and sensory processing. In freely moving rats, the injection of noradrenaline in the basal
forebrain promotes waking, depresses SWA, and increases gamma activity in the EEG,
while the injection of serotonin in the same area does not increase waking but increases
SWA and decreases gamma activity [95]. Serotoninergic activity inhibits the processing of
visual stimuli in the thalamus and cortex. Thus, both the spontaneous and synaptically
evoked activity of lateral geniculate neurons is increased by the local application of nora-
drenaline and decreased by that of serotonin [96]. In the primary visual cortex, the response
to moving visual stimuli is mostly enhanced by the local application of noradrenaline and
suppressed by serotonin [97]. Furthermore, orienting to a novel stimulus is associated with
a decrease in the firing of many serotoninergic neurons in the dorsal raphe [98]. Taken
together, these results suggest that during waking, high serotonin levels may facilitate
motor output, while sensory processing may be promoted when the animal is not moving
and serotoninergic neurons are less active.

Serotoninergic neurons in the dorsal raphe continue to respond to acoustic stimuli
during slow-wave sleep [99], contrary to LC neurons [84] and dopaminergic neurons of the
substantia nigra [100], whose response is greatly attenuated compared to waking. Mice
with genetic lesions of serotoninergic neurons wake up normally in response to air puffs
and sounds but show a very delayed arousal response to hypercapnia [101,102]. Many sero-
toninergic neurons increase firing in response to hypercapnia and/or acidosis [101,103]; in
the medulla, these neurons function as respiratory chemoreceptors that project to and excite
respiratory neurons; in the midbrain, raphe neurons behave as “arousal chemoreceptors”,
causing awakening from sleep via direct and indirect projections to the thalamus, cortex,
hypothalamus, and basal forebrain [104]. In the thalamus, for instance, in vitro studies
show that both noradrenaline and serotonin promote the transition from burst to tonic firing
and do so by depolarizing the GABAergic neurons of the reticular nucleus via inhibition
of leak potassium channels [105] as well as by promoting the hyperpolarization-activated
cation current Ih in thalamocortical relay neurons [106,107].

To summarize, serotonin does not appear to be involved in the rapid (a few seconds)
arousal response to classical stimuli such as sounds, but is required for arousal to CO5,
which occurs over many seconds.

3.4. Orexin

Among the arousal systems, the orexin cells are the only ones indispensable for
maintaining waking, as shown by the fact that their loss causes fragmentation of the
sleep/waking cycle and narcolepsy [108,109]. Orexin neurons are most active during active
waking, virtually silent in NREM sleep, and only transiently active in REM sleep; their
activity is linked to arousal, exploration, response to sounds, and goal-directed behavior
rather than to movement per se, and their occasional firing in REM sleep is not associated
with phasic muscle activity [71,72,87]. Like LC neurons, orexin neurons resume firing
before awakening [71,87], and their optogenetic stimulation leads to awakening from both
NREM sleep and REM sleep [110]. However, awakening is slow, occurring around 25 s
after stimulation and abolished by the silencing of LC neurons [111]. Thus, increased
orexinergic activity helps switching to a connected state only when noradrenergic neurons
are intact. On the other hand, orexin neurons are still firing, albeit at low levels, at the onset
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Auditory

* limited evidence for
decreased unit
responses in
midbrain in NREM
sleep and REM sleep

* no evidence for a
gate in primary
thalamus in NREM
sleep and REM sleep

* evidence for a gate
in higher order
thalamus, and/or
after the input layer
in cortex in NREM
sleep

* candidate
mechanism in NREM
sleep: ON/OFF
bistability

of EEG synchronization upon falling asleep [87]. Thus, the transition from waking to sleep
is characterized by an early decline in noradrenergic and histaminergic activity, followed,
one second or so later, by a decline in orexinergic activity [61,87]. Contrary to noradrenergic
and cholinergic fibers, orexin axons do not have direct excitatory effects on sensory areas of
the thalamus and cortex. In the thalamus, they avoid sensory relay nuclei but project to,
and excite, midline and intralaminar nuclei [112]. In the cortex, orexin selectively excites
layer 6b neurons in the cingulate, motor, somatosensory, and visual areas but has no effect
on other layers [113].

In summary, orexin promotes consolidated periods of waking but does not seem to play
a key role in waking initiation, and experiments testing directly the link between orexinergic
activity and arousability from sleep are lacking. On the other hand, orexin’s selective
targeting of high order thalamic nuclei and cortical layer 6b, which is involved in long-range
intracortical communications and not in the classical thalamocortical loop [114], suggests
that its relative inactivity during sleep, especially during REM sleep, may contribute to
sensory disconnection.

4. Conclusions

The literature about sensory disconnection in sleep is limited, and many intriguing ob-
servations about the underlying mechanisms come from old studies in which few neurons
were recorded. In several experiments, neuronal responses in waking were compared only
to those in NREM sleep or REM sleep, and most studies focused on the auditory system.
An emerging theme is that there must be multiple “gates” along the sensory pathways to
ensure sensory disconnection during sleep, and the relative importance of these gates is
likely to vary between NREM sleep and REM sleep (Figure 1). In NREM sleep, the early fo-
cus on specific thalamic nuclei and primary cortical areas yielded mostly negative findings,
while the more recent focus on high-order, multisensory thalamic nuclei and cortico-cortical
communication beyond the input layer is more promising. During REM sleep, however,
the available evidence points to the importance of early (pre-thalamic) gates. Finally, there
is strong supporting evidence that the low activity of the noradrenergic system during
sleep is crucial for sensory disconnection. However, indirect evidence suggests that the
histaminergic and orexin neurons may also play a role, calling for new experiments.

Visual

some evidence for a gate
in primary thalamus and
high order thalamus in
NREM sleep

evidence for a cortical
gate after the input layer
in NREM sleep

candidate mechanism in
NREM sleep: ON/OFF
bistability

candidate mechanism in
REM sleep: subcortical
occlusion, OFF periods in
primary visual cortex

Somatosensory Pain

early studies focusing on
pre-thalamic pathways find
depressed unit responses to
tactile and proprioceptive
stimuli in REM sleep, but no
change in NREM sleep
compared to waking

some evidence for a gate in
primary thalamus in NREM
sleep

animal studies focusing on
pre-thalamic pathways find
depressed unit responses to
painful stimuli in REM sleep,
but no change in NREM
sleep compared to waking

studies in humans show that
cortical potentials evoked by
pain are depressed in NREM
sleep

Olfactory

evidence for
stronger inhibition
in the olfactory bulb
during NREM sleep
and REM sleep
compared to waking

no direct evidence
for a cortical gate

Figure 1. Summary of the main sites of impaired sensory transmission (gates) during sleep. Some
candidate mechanisms are also listed for the acoustic and visual systems, for which more data
are available.
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